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regulatory system. This finding reflects a link between thiol-oxidizing stress and zinc depletion. We determined the Zur-binding sites within znuA and rpmG2 promoter regions by footprinting analyses and identified a consensus inverted repeat sequence (TGaaAatgatTttCA, where uppercase letters represent the nucleotides common to all sites analyzed). This sequence closely matches that for mycobacterial Zur and allows the prediction of more genes in the Zur regulon.
Zinc is an essential element for a large number of enzymes and proteins. It supports various physiological activities by maintaining both the structural stability and functional activities of several proteins, including regulatory factors (10, 14) . Even though it is a redox-inert metal and does not participate in oxidation-reduction reactions, it can serve as an antioxidant, partly through protecting sulfhydryl groups of proteins from free radical attack and through antagonizing free radical formation by competing with redox-active transition metals such as iron and copper (7) . At higher concentrations, it inhibits various physiological functions by blocking important thiols or competing with other functional metal ions for binding sites in proteins, as demonstrated with cytochrome c oxidase (1, 34) . Therefore, cells need to maintain zinc homeostasis for optimal survival.
Fur (ferric uptake regulator) family proteins regulate metal homeostasis and oxidative stress responses, as first demonstrated for iron transport in Escherichia coli (5, 22) . In a wide range of bacteria, Fur orthologues serve as global regulators of iron homeostasis, antioxidative responses, and in some cases, virulence (23, 42) . Other than iron, the list of specific metals that bind to Fur family regulators and hence specifically regulate their own homeostasis is increasing. Examples of the metalspecific Fur family regulators are Zur for zinc (39) , Mur for manganese (13) , and Nur for nickel (2) . In E. coli, Zur is known to exhibit sensitivity to femtomolar levels of free intracellular zinc (36) and regulates the high-affinity zinc uptake system ZnuACB (40) . In Bacillus subtilis, Zur regulates not only zinc uptake (17) but also the mobilization of zinc through ribosomal proteins (3, 35, 38) . In B. subtilis, it has been shown that among the two forms of ribosomal protein L31 that either contain a zinc-binding motif with conserved cysteines (C ϩ ; RpmE) or do not (C Ϫ ; YtiA) (30) , the C Ϫ form YtiA liberates zinc-containing RpmE from the ribosome under zinc-deficient conditions, and this action was proposed to provide the needed metal (3) . The induction of YtiA under zinc-deficient conditions is mediated through Zur (35) as predicted by in silico analyses (38) . The regulation of ribosomal proteins and metal transport systems by Zur in Mycobacterium tuberculosis was also observed recently (29) .
The genome information for Streptomyces coelicolor, a model organism for differentiation and antibiotic production, predicts the presence of four Fur homologues (6) . Three of them have already been characterized as FurA (the product of gene SCO0561 in the S. coelicolor database ScoDB [http: //Streptomyces.org.uk]), CatR (a B. subtilis PerR orthologue and the product of gene SCO5206), and Nur (the product of gene SCO4180), which regulate catalase-peroxidase (20) , catalase A (21), and superoxide dismutases (2, 9), respectively. The fourth Fur homologue (the product of gene SCO2508) has not yet been characterized. We report here the characterization of this homologue as Zur, a zinc uptake regulator that controls both zinc uptake and ribosomal proteins predicted to be involved in zinc mobilization. YEME or chelated minimal medium. Probes for znuA, zur, rpmE1, rpmE2, rpmG2, and rpmG3 transcripts were generated by PCR by using S. coelicolor cosmids (SCC121, znuA and zur; SCE9, rpmE2 and rpmG2; 2SC6G5, rpmE1; and SC5G5, rpmG3) as templates. Primer pairs were as follows (the nucleotide positions corresponding to the 5Ј ends are given in parentheses): znuA, 5Ј-CCA AGC AGG ATC CTG TCG GCG GCC ACG G-3Ј (186 nt upstream from the start codon) and 5Ј-GCT GGA GCA GGC CGA GAG GG-3Ј (87 nt downstream from the start codon); zur, 5Ј-AAC GCG TTG AGC CCG AGG ATC CGG CGG AG-3Ј (139 nt upstream from the start codon) and 5Ј-CCT GAA GGG CGG CCG ACA CGG C-3Ј (87 nt downstream from the start codon); rpmE2, 5Ј-GTC CCT CGG ATC CAC CTA CGT CAC CCG-3Ј (124 nt upstream from the start codon) and 5Ј-GGT GAG GAA GGC GTA GTC CG-3Ј (75 nt downstream from the start codon); rpmE1, 5Ј-CGT CGT CGG ATC CTG GTC GAG AAG G-3Ј (262 nt upstream from the start codon) and 5Ј-GTG GTG AAC GAC GCG CCA CAG-3Ј (71 nt downstream from the start codon); rpmG2, 5Ј-GTC CTG CGG ATC CCC TTC GTG CTC-3Ј (248 nt upstream from the start codon) and 5Ј-GAC GTA GGT GTA GCC GGT CC-3Ј (69 nt downstream from the start codon); and rpmG3, 5Ј-GCT GTG GGG ATC CGC TGC TTC GGC-3Ј (258 nt upstream from the start codon) and 5Ј-GTG ACG TAG GTG ACG CCG GTG-3Ј (71 nt downstream from the start codon). The mutagenized 5Ј nucleotides (underlined) in the forward primers were designed to inhibit antisense hybridization and to create BamHI sites (in bold). The probe DNA fragments were labeled with [␥-
32 P]ATP and T4 polynucleotide kinase. Hybridization and S1 nuclease mapping were carried out according to standard procedures. For high-resolution mapping, the protected DNA fragments were loaded onto 6% (wt/vol) polyacrylamide gel containing 7 M urea, along with sequencing ladders generated from the same probe DNA.
Analytical ultracentrifugation. Equilibrium sedimentation analyses were performed using a Beckman ProteomeLab XL-A analytical ultracentrifuge at the Center for Common Facilities at Mokpo National University, Muan, Korea. Zur proteins dissolved in 20 mM Tris-HCl (pH 8.0) buffer containing 2 mM ␤-mercaptoethanol were measured in six-sector cells at two rotor speeds (25, Fig. 4 ). The partial specific volume of Zur and the buffer density were calculated using Sednterp (27) . The calculated partial specific volume at 20°C was 0.7219 cm 3 /g. The densities of the buffers containing 0.05, 0.1, and 0.2 M NaCl at 20°C were 1.00087 g/cm 3 (0.05 M), 1.00293 g/cm 3 (0.1 M), and 1.00704 g/cm 3 (0.2 M), respectively. For data analysis by mathematical modeling using nonlinear least-squares curve fitting, the fitting function was as follows:
)] ϩ ε, where C r is the total concentration at the radial position r, C b is the concentration of protein at the cell bottom (b), A p is (1 Ϫ ) 2 /2RT, M p is the molecular mass of the protein, ε is a baseline error term, and are the partial specific volume and the solution density, respectively, is the rotor angular velocity, R is the gas constant, and T is the temperature. The selection of the model was made by examining the numbers of the weighted sum or square values and weighted root mean square error values. Further data manipulation and data analysis by mathematical modeling were performed using MLAB (26) .
DNase I footprinting. The probe DNA was prepared by PCR by using a 5Ј-32 P-labeled primer (either forward or reverse) and a nonlabeled primer. For the znuA probe, the forward primer (znuA-up S1, 5Ј-GCT TCA GGT TAC CGG CGT GG-3Ј) and the reverse primer (znuA-down S1, 5Ј-GCT GGA GCA GGC CGA GAG GG-3Ј) generated a 194-bp probe encompassing a region from nt Ϫ107 to ϩ87 relative to the transcription start site. For the rpmG2 probe, the forward primer (rpmG2-up S1, 5Ј-CAA GCT CGA CAT CCG CTG CTT CGG C-3Ј) and the reverse primer (rpmG2-down S1, 5Ј-GTG ACG TAG GTG ACG CCG GTG-3Ј) generated a 310-bp probe encompassing nt Ϫ241 to ϩ69. The amplified products were purified by nondenaturing polyacrylamide gel electrophoresis and eluted by using the standard crush and soak method. Binding reactions were performed as described for the gel mobility shift assay by using an amount of the purified probe corresponding to 18,000 cpm in a final volume of 40 l per reaction. After 20 min of incubation at room temperature, 40 l of 5 mM CaCl 2 -10 mM MgCl 2 was added, followed by the addition of 0.06 U of RQI RNase-free DNase (Promega) for 90 s at room temperature. The cleavage reaction was stopped by adding 90 l of stop solution (200 mM NaCl, 30 mM EDTA, 1% sodium dodecyl sulfate, 125 g of glycogen/ml), followed by DNA extraction and precipitation. DNA resuspended in formamide loading buffer was separated on a 6% sequencing gel along with GϩA sequencing ladders. Auto- 
RESULTS
The uncharacterized Fur homologue encoded downstream of the znuACB operon encoding a putative zinc uptake system may be zinc uptake regulator Zur. Among the four Fur homologues encoded in the S. coelicolor genome (6), one uncharacterized homologue is encoded by a gene downstream of the putative genes for the high-affinity zinc uptake system (znuACB) (Fig. 1A) . The S. coelicolor znu genes show high levels of similarity to previously characterized genes corresponding to high-affinity zinc uptake transporter components in E. coli. ZnuA (the SCO2505 gene product, a probable metal-binding lipoprotein of 328 amino acids [aa]), ZnuC (the SCO2506 gene product, a probable ATPase of 256 aa), and ZnuB (the SCO2507 gene product, a probable membrane permease of 300 aa) show 26.5, 34.8, and 27.3% identity, respectively, to their E. coli counterparts. Unlike those in E. coli and other proteobacteria, an S. coelicolor Fur homologue gene (SCO2508) is located downstream of the znuACB genes. It encodes a Fur family protein of 139 aa with a molecular mass of 14,711 Da that shows 36% identity and 52% similarity to E. coli Fur. A lower level of sequence similarity to E. coli Zur was found, with 29% identity and 39% similarity. We named this gene zur for zinc uptake regulator and characterized it further.
Zur negatively regulates znuA gene expression and positively regulates the expression of its own gene. In order to characterize the function of Zur, we made ⌬zur (SCO2508) mutants that lack the entire coding region (S700) or most of the coding region downstream from nt 100 relative to the start codon (S701) by using PCR-targeted mutagenesis (19) . Both mutants grew more slowly and reached lower plateau values (OD 600 of about 0.8) than the wild type (OD 600 of about 1.4) in YEME liquid medium. On R2YE plates (25) , both mutants were significantly retarded, by more than 2 days, in forming aerial mycelia and formed very small numbers of spores and amounts of the blue antibiotic pigment actinorhodin. The retarded growth and differentiation of the mutants were restored to the wild-type levels by introducing a wild-type gene through the pSET152 plasmid (data not shown). These phenotypes of ⌬zur mutants demonstrate the importance of the genes regulated by Zur, which most likely exert their effects through the control of zinc homeostasis, in the proper growth and differentiation of S. coelicolor.
Using the ⌬zur strain that lacks most of the coding region but retains the promoter and some of the coding region (S701), we examined the znuA and zur transcripts by S1 nuclease mapping and compared them to those from the wild type (M145). In order to monitor metal-dependent expression, exponentially grown cells (OD 600 of 0.3 to ϳ0.4 in YEME) were treated with 2 mM EDTA, a metal chelator, for 1 h. As demonstrated in Fig. 1B , the znuA transcript level in the wild type was drastically increased by EDTA, whereas the level of zur transcripts was decreased. This demonstrates that znuA and zur gene expression is tightly controlled by metal in opposite ways. In the ⌬zur mutant, transcripts from the znuA gene were expressed constitutively regardless of EDTA treatment, whereas zur expression was decreased. These results suggest that Zur acts as a repressor of znuA gene expression and as a positive regulator of its own expression.
The transcription start sites for zur and znuA promoters were determined by high-resolution S1 mapping analysis. As summarized in Fig. 1C , znuA transcription starts from the A residue of the translation start codon (ATG), with predicted promoter elements of GAAAAT (Ϫ10) and TTGACA (Ϫ35), most likely to be recognized by the housekeeping sigma factor HrdB . zur transcription starts from the C residue located 44 nt upstream of the translational start codon (GTG), with predicted promoter elements of CACAAT (Ϫ10) and CTGACC (Ϫ35), which are also likely to be recognized by HrdB . Zinc-specific regulation of znuA and zur genes. In order to define the metal specificity of znu and zur gene expression, we tested the effects of various metals on cells grown in metalchelated minimal medium. Wild-type cells were grown to exponential phase (OD 600 of 0.3 to 0.4) in chelated minimal medium as described in Materials and Methods. Either 2 mM EDTA or 25 M divalent metal salt (FeSO 4 , NiSO 4 , CoCl 2 , ZnSO 4 , or MnSO 4 ) was added for 30 min before cell harvesting. S1 mapping results shown in Fig. 2A demonstrate that znuA gene expression was fully derepressed in the chelated medium, as judged by the lack of additional induction by EDTA. znuA expression was inhibited by more than 20-fold only by zinc among the various divalent metals tested, implying Transcripts from znuA and zur genes were analyzed by S1 nuclease mapping. RNAs were prepared from the wild-type (WT) and ⌬zur (S701) strains grown in YEME complex medium. To chelate metals, EDTA at a 2 mM final concentration was added for 1 h before cell harvesting. For each S1 analysis, the same amount of RNA (50 g) was used and the amount was monitored by using rRNAs. ϩ, present; Ϫ, absent. (C) Transcription start sites and predicted promoter elements for the znuA and zur genes. Transcription start sites (ϩ1) were determined by high-resolution S1 mapping analyses. Predicted Ϫ10 and Ϫ35 elements are shown in bold characters and underlined.
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that the znuACB genes most likely encode a zinc-specific transporter system as predicted. zur gene expression, on the other hand, was specifically induced by zinc by about fivefold. We then varied the concentration of zinc to observe the sensitivity of gene expression. The results in Fig. 2B show that znuA was half repressed by the addition ZnSO 4 to the medium at around 100 nM, whereas zur expression was half induced by the addition of ZnSO 4 to the medium at around 75 nM. Purified Zur binds to the znuA promoter DNA fragment in a zinc-dependent manner. We prepared S. coelicolor Zur protein by overproducing it in E. coli and examined its binding by gel mobility shift assays. The DNA fragment that contains the znuA promoter region from Ϫ107 to ϩ35 was generated by PCR and used as a probe. The binding reaction was carried out by incubating approximately 0.3 nM labeled DNA and various amounts of purified Zur in 20 l of binding buffer with or without 25 M ZnSO 4 for 20 min at room temperature. As demonstrated in Fig. 3A , binding occurred only in the presence of zinc, creating multiple shifted bands presumably representing protein-DNA complexes. At least four complex bands were detected, with the most retarded band observed at the highest concentration of Zur. Competition with excess amounts of either specific or nonspecific competitors demonstrated that these complexes were specific ones. By adding increasing amounts of Zur from 0.34 to 340 nM (in steps corresponding to monomer concentrations) to each binding reaction mixture in the presence of 25 M zinc, we observed the progressive formation of complexes, from faster-moving (C1) to slower-moving (C2, C3, and C4) ones, in correlation with changing concentrations (Fig. 3B) . These multiple complexes most likely reflect multiple bindings of Zur protein to the znuA probe we used.
In order to determine the oligomeric status of Zur in solution, we employed analytical ultracentrifuation. The equilibrium sedimentation results demonstrated in Fig. 4 correlate well with a dimeric status of Zur in solution at three different concentrations (10.1, 20.1, and 40.2 M). The absence of increase in the molecular mass at higher concentrations confirms that Zur exists as homogeneous dimers, and there is no indication of self-association. This result is in agreement with the oligomeric behavior proposed for other Fur homologues examined so far. Therefore, the multiple complex bands most likely represent multiple bindings of dimeric Zur to the znuA DNA probe.
Zur-dependent regulation of ribosomal protein genes in S. coelicolor. Recent observations with B. subtilis that a zinc-containing ribosomal protein, L31 (RpmE), can be replaced with a zincless L31 variant (YtiA) under zinc-depleted conditions as a way to mobilize zinc (3, 35) and that ytiA transcription is regulated by Zur (35, 38) led us to examine the regulation of RpmE holomogues in S. coelicolor. Three genes rpmE paralogues were found in the S. coelicolor genome, rpmE1 (SCO5359), rpmE2 (SCO3427), and rpmE3 (SCO1150) (6) . The rpmE1 gene contains the zinc-binding motif (the gene product is C ϩ ), whereas rpmE2 and rpmE3 do not (the gene products are C Ϫ ). The rpmE1 gene has a consensus promoter sequence for the sigma factor R and has previously been demonstrated to be regulated by R in response to disulfide stress (37) . We also looked for rpmG paralogues that encode L33, which is another ribosomal component predicted to participate in zinc mobilization (30) . There are three rpmG paralogues in the S. coelicolor genome, rpmG1 (SCO4635), rpmG2 (SCO3428), and rpmG3 (SCO0570). The rpmG1 gene contains a zinc-binding motif, whereas rpmG2 and rpmG3 do not. We identified another R consensus promoter sequence in rpmG3. The search results are summarized in Table 1 . We therefore tested the dependence of the expression of these paralogous genes on metal depletion and disulfide stress. S1 mapping analyses demonstrated single transcript start sites for rpmE1, rpmG2, and rpmG3. The rpmE2 gene lies immediately downstream of rpmG2 and most likely forms an operon with rpmG2. We were not able to determine transcription start sites for rpmE3 and rpmG1, since there were numerous S1-protected bands for rpmG1 and no bands for rpmE3. We therefore analyzed transcripts from rpmE1, rpmE2, rpmG2, and rpmG3 for further details.
Results presented in Fig. 5 show that levels of rpmE2 and rpmG2 transcripts increased drastically upon metal depletion and that this induction was mediated through the inactivation of Zur activity, as demonstrated by constitutive expression in a ⌬zur mutant. The expression of rpmE1 and rpmG3, however, was induced only partially by metal depletion compared with the drastic induction by diamide, a thiol oxidant, in a manner independent of Zur. Therefore, the C Ϫ forms of L31 (RpmE2) and L33 (RpmG2) in S. coelicolor are regulated by Zur, being induced under zinc-depleted conditions, consistent with a model of zinc mobilization through these ribosomal proteins. Interestingly, another C Ϫ form of L33 (RpmG3) is not regulated by Zur. The induction of rpmE1 and rpmG3 by diamide encoding L31 with and without a zinc-binding motif, respectively, were examined along with those for rpmG2 and rpmG3, encoding paralogous forms of L33 without zinc-binding motifs. The wild-type (WT) and ⌬zur (S700) mutant cells were grown in YEME medium and either untreated (Ϫ) or treated with 2 mM EDTA (E) or 0.5 mM diamide (D) for 1 h before RNA preparation for S1 analyses. Protected DNA fragments were visualized and quantified by a phosphorimage analyzer  (FLA-2000; Fuji) . Average values from three independent experiments are presented. The rRNA in each sample (50 g of total RNA) was monitored by gel electrophoresis as a loading control. 
For the numbering of paralogues, we used the number 1 for those that contain conserved cysteine motifs, different from the annotations in the S. coelicolor database ScoDB (http://Streptomyces.org.uk).
b The rpmG2 (SCO3428) and rpmE2 (SCO3427) genes are cotranscribed from the rpmG2 promoter.
c ϩ, present; Ϫ, absent. d ND, not determined.
was indeed mediated by R , as demonstrated by the lack of induction in a ⌬(sigR-rsrA) mutant (data not shown).
Binding site of Zur. We performed footprinting analyses to delineate Zur-binding sites in znuA and rpmG2 promoter regions. Using 194 bp of the znuA DNA probe, from nt Ϫ107 to ϩ87 relative to the transcription start site, we were able to detect a primary protected region from nt Ϫ43 to ϩ14 (Fig.  6A) . Further secondary protection from nt ϩ22 to ϩ50 was observed at higher concentrations of Zur. By using 310 bp of rpmG2 promoter DNA encompassing the region from nt Ϫ241 to ϩ69, a primary protection region from nt Ϫ11 to Ϫ41 was detected. Further protection from nt ϩ1 to ϩ30 was observed at higher concentrations of Zur. The primary Zur-binding sites overlap entirely with both promoters and thus are consistent with a model of repression by Zur.
The primary protected region in rpmG2 was found to be much smaller than that in the znuA promoter. We hypothesized that there might be more than one binding site separated by some distance, producing broader protection in znuA. Since Zur exists as a homodimer, its recognition sequence most likely consists of inverted repeats, as proposed for other Fur homologues (16). We looked for such an inverted repeat sequence within the 30-bp protected region in an rpmG2 promoter and identified one such sequence. When the protected region of the znuA promoter was examined for the presence of such motifs, we were able to identify two motifs, one overlapping with the Ϫ35 region (site I) and the other overlapping with the Ϫ10 region (site II) (Fig. 6C) . From an alignment of the three inverted repeat sequences, a provisional consensus recognition motif for S. coelicolor Zur was predicted to be TGaaAatgatTt tCA, where uppercase letters represent the nucleotides common to all sites analyzed (Fig. 6D) . No obviously similar sequences were found within the secondary protected regions.
DISCUSSION
Our work demonstrated that the uncharacterized Fur homologue (the product of gene SCO2508) in S. coelicolor is zinc uptake regulator Zur that regulates a putative high-affinity zinc uptake system and some ribosomal proteins predicted to be involved in zinc mobilization. The regulation of zinc uptake systems by Zur in a broad range of bacteria, including E. coli (39) , B. subtilis (17, 18) , and M. tuberculosis (29) , has been demonstrated previously. Zur has also been hypothesized to control the mobilization of zinc from several paralogous ribosomal proteins on the basis of comparative genomic analyses of Zur regulons (38) . According to this model, the ribosomal proteins that contain a zinc-binding motif (C ϩ ) can serve as zinc storage forms and can be replaced with their Zur-regulated paralogues without a zinc-binding motif (C Ϫ ). This hypothesis was experimentally supported for a ribosomal largesubunit protein, L31 from B. subtilis, where Zur-regulated paralogue YtiA (C Ϫ ) replaces RpmE (C ϩ ) under zinc-deficient conditions (3, 35) . Recent observations from microarray and in vitro binding experiments with M. tuberculosis demonstrated that Zur regulates genes for C Ϫ paralogues of L33 (RpmG), S14 (RpsN), and S18 (RpsR), supporting this hypothesis (29) . Our work adds a convincing proposal that Zur regulates the synthesis of C Ϫ paralogues of L31 and L33 in S. coelicolor. Considering the positions of Zur-binding sites within the intergenic regions of rpmG2 (SCO3428) and rpmB2 (SCO3429), it is very likely that rpmB2, encoding a C Ϫ paralogue of L28, is also regulated by Zur, along with the downstream gene rpsN2 (SCO3430), encoding a C Ϫ paralogue of S14. These observations strengthen the generalization of the proposal that bacteria utilize zinc-specific regulators such as Zur to control paralogous ribosomal proteins without zincbinding abilities, enhancing zinc storage through ribosomal proteins under conditions of zinc sufficiency and enhancing zinc mobilization from these proteins through replacement with paralogues lacking zinc-binding sites under conditions of zinc deficiency. An interesting observation that the rpmE1 and rpmG3 genes were regulated by R was made in this study. RpmE1 is a zinc-containing form, whereas RpmG3 is not. Therefore, a simple correlation between the regulation by R and the presence or absence of zinc-binding motifs in the paralogous ribosomal proteins could not be made. However, our work reflects some link between thiol-oxidizing stress and the depletion of metals, most likely zinc. In this regard, the partial induction of rpmE1 and rpmG3 by EDTA suggests that zinc depletion may be sensed as a kind of thiol-oxidizing stress in the cell. Since R is regulated by an anti-sigma factor RsrA, which contains zinc molecules that are released by the formation of disulfide bonds (4, 24, 28) , it is possible that zinc depletion may cause the inactivation of RsrA and thus the induction of the R regulon. Previous observations that zinc is necessary for the stability of RsrA and the binding affinity of RsrA for R (4, 28) support this proposal. The precise roles of R and thiol-oxidative stress responses in zinc homeostasis need be investigated in the future.
There is limited information about the autoregulation of Fur homologues. In B. subtilis, PerR has been suggested to repress its own gene and the fur gene (15) . In S. coelicolor, on the contrary, we found that Zur is necessary for the zinc-induced expression of its own gene. A similar phenomenon was observed in M. tuberculosis, where zinc enhances zur expression (29) . In Mycobacterium, the zinc-dependent induction of the zur gene is mediated through an SmtB/ArsR family regulator that is encoded by the upstream gene cotranscribed with zur (8, 33) . In S. coelicolor, we were not able to identify any Zurbinding sequence near the zur promoter nor to observe any specific Zur binding in vitro to the promoter DNA fragment from nt Ϫ51 to ϩ39 relative to the transcription start site (data not shown). This result suggests that the positive regulation of zur gene expression by Zur most likely occurs indirectly through an as-yet-unidentified regulator whose synthesis may be controlled by Zur, as exemplified by the positive regulation of iron-utilizing genes by Fur through a small RNA in E. coli (31) . Another possible example of positive regulation by Fur is found in Helicobacter pylori, where Fur can mediate its own gene induction under low-iron conditions by shifting its binding sites in the fur promoter region (12) . In this respect, further systematic study of the regulation of the zur gene in S. coelicolor is anticipated.
The identification of the proposed Zur-binding consensus sequence in our study depends on the assumption that a Zur dimer recognizes an inverted repeat sequence. A simple sequence alignment of the footprinted regions did not reveal any salient inverted repeat sequences among the conserved nucleotides. The identification of an inverted repeat motif within the small (30-bp) protected region in the rpmG2 gene provided a lead sequence to identify two such motifs within the broader (57-bp) protected region in the znuA gene. It is possible that the binding of one Zur dimer to either of those two sites may create a broad footprint pattern, even though we cannot rule out the possibility that two Zur dimers bind to two sites simultaneously. The presently proposed Zur-binding consensus sequence in a 7-1-7 format (TGaaTat-g-atTttCA) closely resembles the B. subtilis Fur box consensus sequence (TGATAAT-N-ATTATCA) (16) but is distant from the B. subtilis Zur box sequence (TCGTAAT-N-ATTACGA) and the PerR box sequence (TTATAAT-N-ATTATAA). The S. coelicolor Zur box sequence closely matches the proposed Zur box consensus sequence in M. tuberculosis (TGAAAAT-N-ATTTTCA) (29) . When the amino acid sequences of the DNA-binding helices in Fur homologues were compared according to the structure model determined for Pseudomonas aeruginosa Fur (41), S. coelicolor Zur shared 13 identical amino acids out of 17 with M. tuberculosis Zur and 9 residues with B. subtilis Fur. On the other hand, it shared only 5 identical residues with B. subtilis Zur or PerR, consistent with the lack of conservation in the binding sequences.
By allowing a 1-nt mismatch and maintaining an AT content of more than 50% within the more variable 11-nt central sequences (TGN 11 CA), we were able to draw out several candidate target genes of Zur regulation. The list includes rpmF2 (SCO0436), encoding a C Ϫ form of ribosomal protein L32; a putative zinc transporter gene (SCO0475); a solute-binding lipoprotein gene (SCO6644); and a putative efflux protein gene (SCO6751). The regulation of rpmF2 as well as rpmB2 by Zur has been demonstrated by Paget and colleagues in their study of the zinc-responsive regulation of alternative ribosomal protein genes (M. Paget, personal communication), supporting our proposal for the consensus Zur box in S. coelicolor. Further analyses are needed to disclose the compositions and the roles of Zur-regulated genes in the growth and differentiation of S. coelicolor.
